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INTRODUCTION

Tidewater and weather-exposure tests on metals used in aircraft

have been condvcted by the National Bureau of Standards since June 1986,

The investigations have besn sponsored by the Ngtional Advisory Com-
mittee for Asronautics, the Army Air Forces of the War Department, and
the Bureaun of Asronautics of the Navy Department. This work embraced
three distinct research proJects dealing respectively with (1) aluminum-
rich alloys, (2) magnesium-rich alloys, and (3) stainless steels.

Previous publications (references 1 to 16) have contained the par-
tial or final results of separate related programs of research. The
present peper is a final report on the corroslion tests of stalnless
steel sheets inclided in the mavine exposure progrems from 1938 to 1945.

Data on these peanels after their first or second year of exposure are

contained in previous publications (references 12 to 15).
PROCEDURE

Purpose.~- The initlal and principal objective of the present study
wag t0 establish the relative resistance to corrosion of chromlum-nickel
alloys of the 18:8 type with and without smsll sdditions of columbium,
molybdenum, and titanium as alloying elements. Addende were later mede
to obtain information on the effect of locality of exposure, of shot-
welding, of various surface treatments and finishes, and of contact with
disgimilar metals. ' : -

Materielg.~ The steels were in sheet form and of 10 types (teble 1),
wlth respect to nominal chemical compositions, comprising 40 different
heats. The majorlty of the sheets were cold-rolled, having tenslle
strengths between 150,000 and 200,000 psi, and polished surfaces pas-
sivated by immersion in 20 percent nitric acid at about 60° C for 30 to
60 minutes. DTl
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Lypes of panels.- The exposure penels, each 14 inches long and b *
inches wide were all prepared by the cooperating manufacturers and were
of three types: (1) ordinery sheet; (2) shot-welded and assembled from .
three sections, each with an overlsp of 1% inches on which was a doubls
row of four welds, each spaced approximately 3/L4 inch apert (fig, 1); .
and (3) having diesimilar metals in contact, with the main sheet (Alloy.
"A") sandwiched between two strips (Alloy "B"), 1 by k4 inches, Joined to L
it by riveting (fig. 1). Area ratioe for the main sheet and the strips: =~ =
were l:7 and T7:1 for ea.g:h combination. . - } .

Panels with electric-resistance shot-welds were usually protected
at the fayling smfaces with petrolatum pastes containing aluminum or
copper powders. The surfaces of each weld were rubbed lightly with
emery” to remove the oxide film which forme at the high welding tempera-
tures. ' -

Panels were usually prepared in sets of eight duplicates to permit
the exposure of four to tldewater, three to weather, and the retention
of one for storage as a control in a dry atmosphere. Prior to exposure
each was degreased in trichloroethylene vepor and then was successively
washed with carbon tetrachloride and slcohol,

Methods of exposure.- The exposure racks containing -most of the
panels were located at the U.S.Naval Alr Station, Hampton Roads, Va. X
This area is representative of a temperate climate with marine conditions. . _
During the Tirst 2k years of exposure the racks were situated (fig. 2A) L
in an inlet of seml-brackish water named Boush Creek. They were then _ R
moved to a lagoon (fig. 2F,. F) where the salinity (teble 2) of the water
was somewhat higher. At that time the simulteneous exposures of panels
at Kure Beach, N. C., (fig. 2B) and Chepmen Field, Fla., (fig. 2C, 2D)
were begun. Lsboratory corrosion tests were also made on a few of the
shot-welded samples. o -

The weather racks at the Boush Creek site (fig. 24) were directly
over the water, with the pansls suspended at en angle of 45°, and between
6 and 11 feet above the mean tide leovel, They faced northeast from June
1938 to April 1939, and southeast thereafter until they were transferred
to a temporary lagoon site (fig. 2E) in October 1941, A branch railwsy
gbout 1/8 mile from the Boush Creek location resulted in light deposits o

of soot on the skyward surfaces of the panels., During perlods of storm
or high winds the under surfaces were occaslonally wet with spray.

At the lagoon (fig. 2F) the racks faced southeast, were on land ap-
proximately 25 feet from the water, and wore sheltered by a high earth em~
bankment some 50 feet to their rear. The weather racks at Kure Beach, N
C., (fig. 2B) were also on land, approximately 25 feet from the ocean,
faced east by north, and received spray during severe storms. The
weather racks at Chapman Field, Fla., faced south and presumably were
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located on land near Bisga.yne Bay. Panels at both localltles were sﬁs'»-
pended at an angles of 45,

The tldewater racks at Hampton Roads, Va., were situated in Boush
Creek (fig. 24) from June 1938 to November 1940, and in the lagoon
(fig. 2E, 2F) thereafter until June of 194k. The panels were sus-’
vended vertically in the middle of the tide range, which averaged 2%
feet, so that they were completely immersed at high tide and out of
water at low tide for epproximately S5S-hour pericds twice dally. The
meah mogbhly temperatures of the water from December through April was
about 2~ F higher than the alr temperature, and sbout 1w lower during

the remaining months. The epproximate mean monthly temperatures of the

water were (data from U.S. Weatier Bursaeu rocords of 1881):-
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Panels in the tidewabter racks at Hampton Roads were mounted edge-
wise (figs. 3 and 4) with the flat surfaces held upright between bake-
lite separators, each 3 inches long. The separators were so designed
that only four emall projecting "points,"” each 0.008 square inch in
aeresa, came In contact with the panel; hence adequate dralnage wes
assured. The panels and separators were suspended, on bakelite-cov-
ered monel metal rods which, in turn, rested in slotted arms of monel
metal angle supporis. Monel metal springs, next to the outermost
separators on each end, maintained close contact of the separator

"points" with the panels.

It i
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Penels exposed to tidewater at Hampton Roads gradually became cov-
ered with a mixture of gréen organic plant growths (mostly algae) and
colloidal mud, the thiclmness of which seldom exceeded 1/16 inch.
Animal orgamisms were relatively few in nmumber, and consisted princi-
pally of barnacles. &

At Biscayne Bay, Fla. 2y (fig. 2C, 2D) the tidewater panels were
mouvnted at an angle of L5 faced south, and were bolted to wood sup-
ports with bekelite insula’cors in‘ce::vening. Although the temperature
of the water was uniformly higher then at Hampton Roads, the quantity
and types of marine growth which adhered to the panels were quite
gimllar.

At Kure Beach, N. C., the panels were exposed in a cansl, which
crogsed Cape Fear, through which sea wabter was pumped more or less
continuously at a rate of flow of from 1 to 2 feet per second. The
panels were continuously immersed, at a depth of from 3 to 4 feet.
Marine growths were much more abundant, and of more varied species,
then at the other two stations, and attained a total thickness of be-
tween 1 and 2 inches. These corganimms were responsible for scme of the
very severe corrosion which occurred on certein alloys at that lccalitby.

Methods of FEvalusting Corrosion.- All panelg were examined macro-
scopically to determine the extent of corrosion, and were photographed
at one-half natural size. Microscoplic examinations of a number of
cross sections revealed that in most instances the pite were too wilidely
scattered and too shallow to permit accurate measurements of their depth
end distribution.

A method entaillng the preparation of a plastic replice of the sur-
face recently developed at the National Bureau of Standards for evaluating
surface finish (reference 17), was used experimentally on a few samples.
The results were sufficiently promising to warrant continued resesxrch,
now in progress, to determine the applicability of the method as a means
for evaluating the degree of pin-hole corrosion, which serves as a func-
tion of surface roughness on the stainless steel sheets. A beam of light
is tranemitted throuzh the plastic replica maintained in oscillating
motion, thence to a photo-electric cell. An alternating electronic volt-
meter registers the average varilation in the voltege. This serves as a
measure of the surface roughness arising from pitting.

Tensile tests were used to a limited extent, but the msthod most fre-

quently employed to evaluate the damage from corrosion involved deter-
mining the epproximate fatigue limits (reference 15) on the steels before
corrosion and after exposure for different lengths of time.

The tests were made in flexural fabigue testing machines of the
fixed deflection (constent strain) type, develaped by G. N. Krouse for

4
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sheot. TwelVe specimens (fig. 5) were cut from each exposed panel in the
direction of rolling, thus precluding corrosion on the cut edges. The
edges of these specimens were carefully rubbed with Aloxite peper until
the edges were very slightly rounded and no burrs were detectable by
touch. :

Each specimen, before testing, was callbrated as its own dynamometer
by measuring its deflection when loaded with dead weights (fig. 6) and
by adjusting a verlabls throw crank to correspond to this deflection.
Specimens were loaded at the free end snd vibrated as a cambtilever beam
by means of the variable~throv crank and a connecting rod (fig. T).

The cycle of stress represented a complete reversal from a maximum ten-
slle stress to a compressive stress of equal magnitude. The value se=
lscted for the fatigue limit was the gtress within 800 psi of the next
highest stress which resulted in fallure, provided at least two "runs"
past 10 or 20 million cycles had been mede. The machines operated at
approximately 2% million cycles of stress every 24 hours.

RESULTS

IEffect of chemical composition.- The sheets initlally exposed to
the tidewater and weather at Hampton Roads, Va., (teble 1, note bl)
were gpproximately 0.019 inch thick with bright-rolled (2-B) surface
finishes. They contained 17 to 20 percent of chromium, 7 to 10 percent
of nickel, and, in some instances, small smounts of molybdenum, tita~
nivm, or columbium. Steel E, of the 16:1 type, was exposed with &
pickled (No. 1) surface finish., A second series of thicker (0.030 to
0.075 in) penels {table 1,. note b5), of compareble chemical compositions
and with similer, and other degrees of surface finish were later exposed.

The panels exposed to the tidewater for 3 years (fig. 8) exhibited
only a very few ereas of rust, most of whioh occurred adjacent to the
overlapped edges on the shot-welded panels. ZExamination of the surfaces
at low magnifications revealed widely scattered, shallow, "pin-point"
pits, eround which rust was rarely visible. The wide discrepancy of re-
sults of the visual examinations, made by a mmber of different ob-
servers, indicated that 1t was virtually impossible to rate these steels
by that method according to thelr relative susceptibility to corrosion.
Steel E, however, exhibited numerous “pin points’to approximately 1/8-
inch dismeter sreas of superficial rust, which occurred during the first
6 months of exposure, and were not much worse after 36 months of ex-
posure. It therefore, was coneistently rated inferior in its corrosion
resistance to steels of the 18:8 type.

Panels exposed to the weather became covered more or less uniform-
1y with superficial, but adherent rust deposits. The rust gradually

3
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became thicker with more prolonged expogure, but at the end of the third
year (fig. 8) was still relatively thin, and remotrable bv‘ the a:op\ication
of a suitabhle metal clea.uer a.nd polisher. . bl , ,

At intervels of. 6 months or' less the rust was cleaned from some of
the panels (stesl Al, fig. 8)"with & commercial cleemer..'Tais is a paste-
type cleaner containing a grit, which leaves a waber repellant wax film
on the metal after polishing. Minute pits were cbservable undsr most of
the rusted areas after.this oleaning._, Such pericdic clea.n.ing did not pre-
vent cox'rOsion, but appreciably re ua.rd.ed the rate at which rust formed.

A panel, for example, cleaned aftér 30 months of exposure showed less’
rust at the end of the 36th month'(¥ig. 8), than a simila.r _pa.ne not
cleaned, after its initie.l 6 months of exposure, S '

. Periodic inspections during ‘the exposure tests consistently revealed
the steels' containing molybéenum to be. very much less rusted then the
others, while Steel E exhibited -the most rust. Steels of the ordinary
18:8:type,; -and those containing titanium or columbium were adjudged inter-
mediate in thelr resistance .to corrosion, but a steel (BD-1) containing
both molybdenum and columbium was eomevwhat less rusted.

In general, penels exposed to the weather et Hampton Roads subse-
quent to the insertion of the initial panels (teble 1, note bl) were less
rusted than these, probebly owing in paxrt to the relocation of the racks
at & greater dlstance inlernd froi-the ses Water. The quantities of rust
on the steels of different compositions, however, remained. in the seme
re.-.a.t:.ve erder. e

e o

Results *of " the fatie;ue tests ‘o ‘the steels initiglly exposed are
given.in a miidber of diegroms. (figs. 9 to 15). The small symbols on
these diagrames each rep“esent a test on a single speclmen, whild the
largs. sm'bols denote; the approximato fléxurel endurence limits (107 or
10% cycles): Failures .of " the exposed samples in the fatigue testing ma-
chines -occuxrred, with but & :E‘ew exce:ptions, in less than 2% million
stress cvcles._. e R o

. Curves sunmar izing the results on pensls exposed at Boush Creek,
Hempton Roeds, Va., (figs. 16, 17) reveal that the panels which were ex-
posed ‘to the “weather usually. suffered. a greater lods in fetigue limit
then did ‘corresponding ones eJchSed. to the tidewater. The reverse was
true for panels exposed st the lagoon (fig. 17), provebly owing to the
more sheltered location of. the weatner exposure racke, The average rates
of corrosion of all the exposed panels (fig. 17) was moét repid during .
the first 6 months of exposure, continited at a slow rate for the succeed-
ing 18 months, and then was .accelerated somewhat during the final 12
months. Irrespective of whether “the panéls were exposed to the weather
or tidewater, the average variation in the percentage of loss in the
fgtigue limits was only epproximately=x 3 percent from the mean value.

6
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Date from the fatigue tests, plotted to permit a direct comparison
of the effect of chamlcal compositions (f£ig. 18), agree in general with
the results of the macrographic examinations. The steels contalning
molybdenim or titanivm proved the most resistant to corrosion; while the
straight 18:8 steels, those containing columbium {containing less colum~-
bium than is now recommuended), and the one 16:1 type stoel were of de-
creasing corrosion resistance in that order. It should also be noted
that the curves for steel T are conjectural, particularly for the first
6 months of exposure, since no material was avallable on vhich to deter-
mine its fatigue limit in the initial condition. A stress value (80,000
psi) somewhat higher than determined for the other stsels was assumed
for calculating the percentege losses (fig. 18), because the Vicke:r
hardness number for this steel was much higher than for any of the others.

The following date, obtained by the plastic replica method for
evalusting surface finish (rerercnce 17), agroes reasonably with the re-
sults of the visual exeminations and the fatigue tests. The higher the
values, glven in millivolts X lO‘?',- the greoater the degree of surface
roughness and pitting. ' . B

Surface Roughness by Plastic Replica Method - miliivolits x 10°%

Exposed 26 months at Boush Creek

Steel Uncorroded Tidewater Weathef _
i aA-1 6.7 29.7 k1,0
D-5 8.5 2k,3. . 23.2
B-1 12,2 _ 122 15.2

Two steels were exposed at Boush Creek, one contalning 3,7 percent
molybdenum (B-2), and the other 2,5 percent (B-T). Periodic visual in-
spectlons throughout the 3-year exposure indicated that the steel with
the: lower molybdenum rusted somewhat more rapidly. The difference was
so slight, however, as to be adjudged lmmateriel for most practical
epplications. S '

Fatigue test data on two steels exposed to the weather for 1 year
at Kure Beach, N. C., (table 3), indicated that a steel (F) contain-
ing 18 percent of chromuim, and 4 percént each of nickel and manganese,
was someshat more resistant than an ordinary 18:8 steel (4-15). Ten~
sile tests on the same paneles falled to reveal any difference in the
corrcsion. The differentiation shown by the fatigue tesls was ascribed
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to their grester sensitivity to notch effects, as exemplifisd by shallow
gurface pits.

Two straight 18:8 type steels, ome (4-9) with a tensile strength of
190,000 psi, end the other (A-5) with 100,000 pei, along with a 1/k-hard
rolled steel (B-3) having a tensile strength of 120,000 psi were exposed
gimultaueously at the three localities. The fatigue tests (fig. 22) re-
vealed that steel A-Q usually was the least susceptible to—corrosion.
Steel A-5 was somewhat more resgistant to corrosion than steel B-3 under
ell the conditions of exposure, except in the sea water at Kure Besach,
N. C. '

After the first sheets were withdrawn from the racks gt Hampton
Roads and the flexural fatigue dats had revesled an gppreciabls loss in
endurance limit on the corroded samples, 1t was thought that losses of
such magnitude might be characteristic only for sheet. A series of R. R.
Moore fatigue specimene were therefore prepsred from & 5/8 inch rod, for
exposure to the weather. The chemical analysis of this rod ylelded the
following constituent percenteges: 19.09, chromium; 9.15, nickel; 0.05,
carbon; 0,39, mangenese; 0,010, phogphorus; 0,015, sulphur; and 0.29,
titanivm,

The fatigue spocluens were machined to a ninimm thickness of 0.2
inch in the reduced section, were polished successively on 1/0, 2/0, 3/0,
end 4/0 emery papers, and then were passivated for 1 hour in a 20-per-
cent solution of nitric acid by volume at 60° C. They were exposed to
the weather at Hampton Roads on May 27, 1942, The endurance limite ob-
talned before and after corrosion were as follows:

Fxposure Period .. Zndurance Limit
. ' (psi)

Initisl, unexposed 75,000

1 year . - <55,000

3 years 52,000

Corrogion of shot welds and of faying surfaces.- The roesistance to
corrogion of the shot welds on representative steels wee determined by
means of laboratory, as well us exposure, tests. The stoels tested in
the lsboratory were those designated A-1 (18:8), B-1 (3.7 percent of
molybdenvm), C-1 (0.5 percent of titanivm), and D-5 (0.5 percent of
columbium). The welded samples were immereed for 9 months, either
intermittently or continuously, in & solution ccntaining 1 percent of
magnesivm chloride and h percent of sodium chloride, at & pH of 7.0,
and at room temperature. No evidence of fallure on any of the welds was
.obgerved in these tests.
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Continuous immersion of similar samples was also made, for 120 days,
in a bolling solution of the same compositlon,; except that the pH was
edjusted to 3.0 by the additlion of forric chloride. The unwelded portions
of steels A-l, C-1, and D-5 stained much more in the corroding solution
than steel B-l., Steel D-5, which contaired columbium, was the most se-
verely attacked, and one sample developed very severe pits on paxts of
the surface away from the welds.

After 15 days of exposure in ‘the bolling chloride sol.ution exposed
cross sections cut through some of the welds on steels C-1 and D-5 (figm
23a and 23b) revealsd Severe corrosion, At the end of 120 days two of-
the welds in the titanium-bearing steel C-1, had failled (fig=.23c and
23d); while welds in the other samples contained only superficial pits.

Shot welds on panels exposed to the tildewater at HAmpton Roads, Va.,
in gemeral, appeared on visual inspection tc be no more severely pitted
than the remainder of the sheets. On panels exposed to the wsather, how
ever, there was a marked tendency toward slightly heavier deposits of
rust on the welds. Welds on the molybdsnum-containing steels were the
least rusted; while those on the 16:1 type stoel E were the most rusted.

Tensile tests were made on single shot welds, of which there were 16
on each welded panel, after exposure at Hampton Roads. Only a few cf the
welds showed marked losses in the breaking loads or exhlbited evidence cf
severe rusting after prolonged exposure, These fallures were protably re-
lated to specific conditions occurring at the moment of welding, rather
than to the inherent chemical and microstructural characteristics of the
sheets.

Representative results of the tensile tests on a few of the steels
(fig. 24) reveal that, except for isolated instances on corroded welds,
the range in breaking loads for the single welds was within narrow limits.
The highest values were obtained on steel E. Tests made at the E. G, Budd
Manufacturing Company on simllar welds in this 16:1 type steel, showed
that they would withstend a twist of canly’ 10° before fallure; whereas
welds in the 18:8 type steels withstood a twist of 900 before fallure.
Shot welds 1n alloys corresponmding to stoel E probgbly would not prove
as satisfactory as the austenitic 'by_pe alloys for highly stressed
structures. - -

On all the 18:8 type steels to which petrolatum grease was applied
at the faying surfaces prior to shot welding, little or no corrosion
was noted at the overlaps after 3 years of exposure to tldewater or the
wveather at Hompton Roads (figs. 25 and 26), and most of the grease was
still in situ. When such greesing was omitted, however, from 50 to 80
percent of these areas were covered with rust. On steel E scmo rusting
occurred at the faying surfaces, even though greaso had been applled.
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Bffect of eurface treatments and finlshes.- Steels containing 2.7
(B-7) or 3.7 (B-3) percent of molybdenum were surface treated, prior to
exposure, in the followlng ways:

1. (P1) - Pickled,- Treated for 20 to 30 minutes in a solution
contalning 20 percent of nitrig acid and 4 percent—of hydro-
fluoric acid, by volume, at 60 C. : . :

2. (Pa) - _Pagglvated.- Treated fop 60 minntes in a solution of
20 percent pitric acid at 6Q°_C. .. ... .. ... ... _. _

3. (Pi-Pa) - Pickled, passivated.- As in (1) and (2).

4, (Pa-Pr-Pa) - Passivated, pre-surfaced, passivated.- Passive-
tions as in (2). The pre-swiface (pre-pliting) treatment
consleted of ilmmersion for 30 minutes in a 10-percent fex-
ric chloride solution at room tempsrature. -

5. (Pi1-Pa-Pr-Pa) - Pickled, passivated, pre-surfaced, passivated.-
Seme treatments as in (4) with a pre-pickle as in (1).

After 3 years of exposure to the tidewater and weather at Hampton
Roads, Va., all panels were inspected by four observers end rated numerl-
cally with respect to the quantity of corroslon present (table k)., For
panels exposed to the weather the rust deposite served as a reliable cri-
terion of corrosion while those exposed to tldewater exhibited only scat-
tered and minute surface pits, which rendered Jjudgement much more 4iffi-
cult. The ratings indlcate, particularly on the panels which were ex-
posed to the atmosphere, that thoge given the plckled-passivated treat-
ment exhibited the least rust. Panels which were passlvated, pre-sur-
faced, and passivated (treatment }4) exhibited more rust then others
given the same treatments after pre-pickling (treatment 5). The bene-
ficlal effect of pilckling prior to passivatlon also was noted on steel
A-9. Peanels of this 18:8 type steel which were passivated only, exhiblt-
ed considerably more rust after exposure to the weather than other panels
which were pickled, then passivated.

It may be concludod, therefore, that pickling prior to passivating
troatments tends to improve the resistance to corrosive attack, but that
the more eleborate systems of passivatlion coupled with pre-surfacing af-
ford no more protection than does & single passivatlon wilthout pre-
plckling.

) A number of steels of different chemical compopltions and commer-
clal surface finishes (table 1, note b5) were exposed at Eampton Roads.
On panels exposed to the tidewater, for periods up to 3 years, areas of
superficlal rust occurrcd occasionally on panels having the duller sur-
face finishes (designated No. 2-D and No. 1). On specimens exposed to
the weather, the amount of rust on panels of a glven composltlon cor-
related with the degree of surface polish (fig. 27).

10
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The rust tended to form on isolated areas, epproximately 1/2 inch
in diameter, on panels having the No. 1 and No. 2-D Finighes. The de~
posite were thicker on the No. 1 than on the No. 2-D finish, and were
noticeably heavier on these two finishes then on the others. Alfhough
the rust on the surfaces having Nos. 2-B, No. 4, and No. 6 finighes was,
in general, much more superficisl, the number of individual erees of
rust were more numerous and of smaller size, seldom excesding 1/8 inch in
diemeter. The amount of rust on the No. 2-B and No. U4 finishes was ep-
Proximately the sams, btut in gensral tended to be somewhat less on the
No. 6 finigh., 4 No. 7 finigh, the highest degree of polish of the penels

tested and epplied only to the straight 18:8 steels, exhibited the least
rust. ' : -

Certein of these panels were cleansd periodically with a commercial
cleanser. On the two surfaces having dull finishes, Nos. 1 and 2-D, the
cleansr usually removed the rust only pertially even after vigorous rub.
bing. Rust on the surfaces having Nos. 2-B, 4, and 6 finishes could be
entirely removed without the appllcatlon of much pressurs. Rust from
surfaces with the No. 7 finish was readily removed with relatively
light rubbing.

A fow panels of the 18:8 type were exposed to the tidewater at Hamp-
‘ton ‘Roads, Va., after applying hand-brushed clear varnish coatings. The
coatings included two epplied by the E. I. DuPont de Nemours Co., and
two applied by the Hercules Powder Company. The coatings all began to
peel from the sheets during the first year and were almost entlrely off
at the end of the second ysar. Most paints are not adherent, on pol-
ished stainless steel surfaces.

Lontacts with dissimilar metals.- Steel C-1, stebllized with 0.5
percent of tltanium, was the one used on the panels having stainless
steel exposed in contact with aluminum or megnesium alloys at Hampton
Roads. The first year of exposure in the tidewater racks (figs. 28 and
29) showed that the four aluminum alloys invostlgated, commercially
known as 245-T, Alcled 24S.T, 538-T, and 525-1/2H, were highly enodic.
They were severely corroded, and corroslon products formed in large
quantities between the faying surfaces of the steel and the alumimm
alloys, especially when the surface areas of the aluminum alloys were
small as compared with the stesel.

Both the macroscopic and microscopic examinations revealed that
alloys 245-T and Alclad 24S-T were the most severely attacked, with
535-T somewhat less 80, and 528-1/2E the least. Thie does not neces-
sarily indicate the order of the potential differences involved since
the 525-1/2H and Alclad 2US-T alloys are inherently the most resistent
to corrosion.

1l
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Identical couples exposed to the weather (fig. 30) corroded eimilarly -
to those in tidswater bLut et a much slower rate. In some instances (fig
30, alloy 24S-T) the accummlation of corrosion products at the faying ewr-
face resulted in sufflcient strese to break off rivet heads. Strese-
corrosion cracks, for the same reason, were present on scme of the 245 T
expoged to the weather or tidewater, and on the Alclad, 2u4S-T strips ex-
posed to tidewater (fig.31C) attached to stainless steel panéle.

A series of panels was included, in the tidewater exposure only, in
which stainless steel strips were insulsted from the aluminum alloy main
penele by the following medivms: _ _

1. No insulation

2. Four sheets of 0.002-inch thick aluminum foil, Navy Specification
AC1107k;- Grade A, with alumimm washers, Type ANG60-A-6 under
the ’I‘ype ANL30-D Thomson Head, anodlzed 17S-T rivete.

3. Cellulose tape

4, Grade A cotton fabric, Navy Specification AC6-97 impregnated
with a bakelite-type seam compound. _

5. Grade A cotton fabric impregnated with soya-bean oil and & clsaxr y
gpayr varnish (1l:1 ratio), Navy Specification Vilsc.

6. Grade A cotton fabric impregnated with a bitumenlike subgteance. i

The aluminum alloy main panels were palnted with one coat of primer
and two coate of varnish, pigmented with 13k poundes of aluminum powder
per gallon. The stalnless gteel strips were not painted, nor were some
panele of Alclad 17S-T alloy. Aluminum alloy panlss which were painted
included Alclad 17S-T, anodized 17S-T, anodized 24S-T, and 525- l/QH.

The panels were removed from the tldewater racks after 2 years of ex-
poeure (fig. 32) and the macroscopic examination revealed:

1. The etainless stesel etrips showed no attack on any of the panels.

2. Rivet heads were practically unattacked on (a) all unpainted Al-
clad 17S-T panele, irrespective of the system of insulation,
and (b) all panels where the insuletlon was aluminum foil.

3. As Judged by the guantity and distribution of the corrosion
products around the edges of the stainless steel strips,
the best systems of insulation were the aluminum foil, and
the impregnated cotton fabric systems. Soya-bean oll plus
varnish and bekelite-type impregnations were somewhat more

12
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. effective than the" bituminous-type “The cellulose - tape and
non-insulated gystems were ineffectiVe

4, Paint failures, extending 3/8 inch- inward from™ 5hé_§H§€§7“ﬁ§f€ B
: prevalent on all except the .525-1/2H pinels. On painted panels,
less corrosion products were present on the 528-1/ZH and Alclad
17S-T than on the remaining alloys.
5. Painted and anodized 173-T rivet heads were fairly severely at-
. tacked on painted Alclad 17S-T, 17S-T, and 24S-T alloys, es-
" pecielly on the labtter two. The number of heads on which
attack occurred, however, was least for the aluminum foil,
and most for the cellulose.tape and non-insulated systeus.

6. "Spotting" of rivet heads with two coats of aluminum paint proved
S ineffective where the heads were adJjacent to atainless steel.

: Failure occurred on upward of 50 percent of -the painted heads,
probably augmented by poor adherence of paint to the stesl, and
.the resulting attack often was more .severe than on unpainted
rivet heads. . . G .. . &=

7. Protably none of the systems of insulating proved as effective as
may be desired. Painting of the aluminum portion definitely
removed much of the anodic (protective) effect of the panel
upon.the rivets. Whers .the dissimilar metal i much the smaller
in area, as on the present panels, it is suggested that more
effective inenlation might be obtained by painting the smaller
gtrips,  rather than the larger panel areas, if adherent paint
were available. = - SN N

TFwo unpainted nagnesium alloys, Dowmetals M and H, were very severely
attacked whon coupled with stainless steel, especially when exposed to
tidewater at Hampton Roads. Immediately after the first tidewater had
-covered these panels, violsnt bubbling of the water occurred, and the re-
action was audible at a distance of approximately 15 feet. An adherent
white corrosion product was deposited on the steel, which attained a
thickness of 0.004 inch on the second day of exposure (fig. 33), at which
tims the first set.of unpainted panels was removed. The white deposit
gradusally disanpeared, and the underlying steel was found unattacked.
The. Dowmetal M was attacked somewhat more rapidly than the Dowmetal H.
The unpainted panels were removed from the tldewater racks after 1/15,
1, 3, and 12 months, while panels painted prior to exposure (fig. 34)
were removed from the tidewater racks after 1, 3, 71, and 12 months.

The paint schedule consisted of 1 coat of zinc chromate primer and
" 3 coats of aluminum-pigmented vernish (Navy Specification V10-d).

Unpainted panels exposed to the weather corroded at a much slower
rete than those exposed to tidewater, but between the first and second

13
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years corroglon products at the faying surfaces (flg. 31A and 31B) were
sufficlent in quantity to cause stress corrosion cracking of the stain-
less steel strips. The paint between the faying surfaces on the painted
panels afforded excellent protection,.and severe corrosion at the couples
was not noted until after the second year of weather exposurc (fig.34).

A number of panels (Steel A-6) were suspended in the tidewater racks
between separators of wood, glass, hard rubber, bakelite, monel metal,
copper, or brass. Panels were suspended by each supporting material, by
the (1) "four-peint" method used in the main programs, and (2) with con-
tact established with the steel over an asrea of approximately one squere
inch. The metallic seperators were arranged, in soms lnsgtances, to pormit
a complete electric cilrcult through them and the test panels.

The tests revealed that any of the materials were sultable for sus-
pending stainless steel in sea water, providsd the "four-point" method
vas used, and that the suspending medium was kept in very close contact
with the steel. Where the areas of contact (fig. 36) were 1 square
inch and no provision was made for drainage, the "inert" separators, such
as wood, glass, hard rubber, and bakelite were relatively less satlsfactory.
Inasmuch as the areas of contact were not optically flat, a sufficlently
close contact between the separators land the steel was not posslble even
with the ald of monel springs.

The severlty of the corrosion on the steel panels was incroased when
the wood and bakelite separators were palnted wlth either clear or alumi-
n-plgmented marine spar varnishes. Such vehicles, once permeated, ap-
parently retalned saline molsture and oxygen whlch affected the corrosion
on the steel. No evlidenl electrolytic corrosion occurred on the stalnless
steel panels In contact with the monel, brassg, or copper separators,
whether or not the system of mounting permltted_the completlon of an elec-
tric clrcult. It is decmed unwlse, howvever, to use disgimilar metels
for supports in tldewater teste, since they may influence the rate of
attack on the panel. Corrosion products which formed on the copper and
brass separators, for example, msy have resulted in part from electrolyt-
ic action, '

Effect of locallty of exposure,- It has been previously stated that,

at all localitles, corrosion products accumulated in greatest abundance on
the under, or earthward, swrfaces of the stalnless steel panels exposed
to the weather. Thls observatlon has been made by many investigators, and
ls regarded as characterlstlic of most metels, whothor the weather exposure
condltions be classiflable as marime, inland rural, or industrlal. No
entlrely satlsfactory theory has been promulgated to account for this be-
havior, but the cleansing actlon of rain water on the skyward surfaces is
generally accepted as constituting one factor in the retardation of
corrosion. :

' 1
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The .corrosion prod.uots which form on the earthward surface uwsually
are neither continuous nér of uniform thickness. Comparatively heavy
dspositions approximately circular ia area, and varying in size from -
points to 1/2 inch diame ter, usua.l];y are distributed more or less uni-
formly. On the rest of the surface the products are elther more super-
ficial or ‘absent. MAnalogous swface sppearances are ra:n'ely a,chieved. in

the various "fypes of la.boratory tes‘bs. ' o ‘__“’_“ ;

-—

However, such surface eppearsnces were d.uplicatod. a.t the National
Bureau of Standards in rather simple snd purely queliitative experiments.
Strips of shevet metels a:pproxima’oely 2 foet long and from 1 to 3 inches
wide, were bent 1-eatane,umla at each end. One was placed in a“besiker :
of boiling water, the other in & bvaker of ice weter, to assure & temp-
eratire gradient. The horizon tally gltuated sheet wae Enrayed. with 'a
dilute solution of sddium chloride on 1ts top and botton surfaced, As '

soon as drying wee complste the spray was repeatad. D"‘Jing occurred at
= slower rate on the unier surface. - C‘orros* on products formed Initlel-
1y, usually in & narrow band less than 1/ /2 inch wide, at a location . -
neerest the hotter end, and on the under side. Wlth repeated sprayings
and alternate dryings the wildth of the bund graduglly increassd toward ~
the cold.er end, and finally a.tt.ained. 1’05 a.pparen‘b maximum wid.th.

- -3 B0 coe= o oo

"This behavior is believed to 'be anslogous to that which results

‘- in owtdoor weathering The phenomonon 1s suggesﬁiva of & type of elec-

trolytic cell, ‘perraps of the oxygen-concentration variety, which probo-'

bly attains its maximm activity during the periods of rotention of -
films of molsture having certeln critical ranges of thickness. The
films ultimately become discontinuous and agglomerate 1nto droplets
owing to surface tension. The length of itime that the critical films
are present, probebly determines the rate at which the corrosion pro-
ducts form. .

P ——

Inv outa.oor weathering the forma:bion of corrosion prod.ucfs :{s

therefore largely dependent upon the frequency of rainfalls, "or of .
condensations asscciated wilth the dew-point, the humidity, and. the rate
of drying engendered by sunllght. The sun hastens the drying on the
skyward surface of the exposure panel, much more than on the sarthward

surface. ' It has been shown (fig. 17) that minor chaliges in locatidm at )
a single locality may be a determining factor, as to whether corrosion™ -

1s more severe on the stefnless steel panels exposed to the wea‘bhor, or
on those exposed to tid.ewa.ter.

The resul’cs of tho fatigue bests on panels exposed. simultanoous-
1y (Steels A-5, A-9, and B-3) a% Hampton Poads, Kure Beach, and Chapman
Field (Figs. 19, 20, 21, end 22) alreedy have boen glven with respect to
the behavior of ez h gteel, The averzge date for the three steels
(fig. 35), plotted on the basis of percent loss of initial endurence
limit reveals more informatively ths rates of corrosion as related to
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the locality of exposurs. Panels exposed to the weather at Kure Beach ex- .
hibited more loss in fatigue limits than thoss exposed under any of the

other marine conditions. These curves show that after exposure to weath-

er or tidewater at Hampton Roads or Chapman Pield, or af'ter exposurs to

gea water at Kure Beach, the average variation in the percentage of loes

in the fatigue limits was withinx 2% percent, This compares closely

with the value of+ 3 percent (fig. 17) obtained at the Hampton Roads

station on a larger number of specimens initially exposed on a different

date ] '

In general, the surface appeerance was vory similar on all the
gtainless steel panels exposed to the mea wabter at the three localities
end rust discolorations usually were not present. The only exceptions
occurred at Kure Beach, where the two stralght 18:8 steels were severely
rusted under the areas of contact with their bakelite supports (fig. 36},
end along longitudinal streaks extending outward from the same source.
Such areas were discarded in machining the specimens for the fatigue tests.
Only one panel (Steel B-3) was leif't in the mea water at Kure Beach for
the 12-month exposure, end lt—containod several pits obviously associated
with the action of sea-organisms.

The panels exposed to the weather at Hampton Roads and Chspman
Field exhibited superficial rust and were quite alike in appearance,
while those at Kure Beach were considerably more rusted (figs. 37 and 38). .
Surface rust was consistently least on the 1/4-hard molybdenum-con-
taining eteel, B-3.

CONCLUSIONS

The conclusions that follow are pertinent to panels exposed for ap-
proximstely 3 years, under extreme marine conditions, as exemplified by
tidewater or weather exposure of metals in close proximity with salt
water.

1. Deposite of rust formed in greatest quantity upon the under
surfaces of panels exposed to the weather at angles departing from
the vertical, ‘

2. Rust deposits usually Jormed In greatest quantity and thickness
within the first 6 months of weathering. Thereafter, for periods up to
36 months, pronounced chenges in surface appearance did not ordinarily
occur, although the deposits increased slightly in guantity. Muante
pits were often discerned beneath many of the rusted areas after cleaning,

3. Rust rarely formed on 18:8 sheet panels exposed to tidewater,
particularly those with bright-rolled, or higher degrees of surface
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Tinish, but winute pits were discernmible at low magnifications. Similar
sbteels, with dull finishes, emong them a 16:1 steel, rusted. ' .

4. Steels approximating the 18:8 composition, and containing from
2.5 to 3.5 percent. of molybdenum, exhibited much less rust on veathering
than those of the ordinary 18:8 type with or without additions of tita-
nium or columbium. . Steels with 3.5 percent of molybdenum rusted slightly
lvss than those with 2.5 percent, but for most practical applications the
difference may be regarded as negligible.

‘5, The quantlty and distribution of the rust on sheet panels ex—
posed to the weather may serve as criteria for approximate evaluations
of the corrosion, but visual inspections frequently are inadequate for .
such evaluations of pancls expcsed to tidewater. A plastic replica
method employed for surface anslysis appears promising as a means for
evaiuating the degree of corrosion pitting, after the rust has been re-
moved, as a function of surface roughness. TFlexural fatigue tests ap- °
pearad to bo more sensitive than tensile tests as a meagure of the
damage caused by corrosion. B . Ll

6. The relative susceptibility to corrosion of the particular.
sheets under the specific conditions of exposure used in these Investi-
gations (fig. 17) could be established by fatigue tests. These revealed
a suncriority in the steels containing molybdsnum ox titanium, and an’
inferiority of the heat-aged columbium-Féaring stcel and one of the 16:1
type. The relatively narrow range of the loss in fatigue limits (5 por-
cent),for all the steels except the last two, indicated that the order of
susceptibility may be expected to show variations, within the ranges h
established, on different heats of metal exposed under the same, or other
marine conditions. :

7. The greatest corrosion damage, as determined by loss in fatigue
limits, occurred during the first-6 months of sXxposure. Thereafter, up -

to 3 years, the rate of loss usuelly was vsry low. =

8. The fatigue tests revealed that, at a glven locality the damage
resulting from oxposure to the weather may, or may notb, be worse than
that resulting from exposurs to gea water. Minor changus, such, for
example, as the distance inland of weather-exposure panels from the
water, the extent to which sea organisms may accelerate the corrosion,
and go forth, wmay be the determining factors.

9. Shot yelds, on penels exposed to the weather, tended to be
slightly Tore suscoptible to rust formation than other portions of the
sheot, on steels of the 18:8 type, and to a somewhat greatsr degree on
a 16:1 type of steel. Shot welds on molybdenum-containing steels are
muich less susceptible to rusting than onh other 18:8 type steels. In
tidewater immorsions the shot welds do not, as a rule exhibit rust.
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10. The strength characteristice of shot welds, in general, re-
rnained unaffected after prolonged exposure 1o the weather or sea water.
The relatively few instances in which shot welds exhiblted severe cor-
roaion and loss in strength were attributed to slight imperfectlons in
the original welding procedurs.

11l. On shot-welded panels tho most severe rusting frequently
occurred at the faying swfaces of the sheets., Applications of appro-
prilave grcascs, such as petrolatum, were effective in preventing such
vorrogion, .

12. Pickling, prior to: passivating surface treatments, tended to
improve the reslstence of stalnless steels to corroelve attack. Systens
of surface treatwent in which passivation was coupled with pre-pltting,
were no more beneflclml then passivation Wthh wag not preceded by a
pickling treatment.

13. On panels exposed to the weather the degree of polish signifi-
cantly influenced the smount of rusting. Dull finishes (Nos. 1 and 2-D)
rusted the most, ordinary commerclal. polishes (Nos. 2-B, 4, and 6) ruet-
od less, whlle mirror polishes (No. 7) rusted the least. Rust also tend-
ed to develop on dull finished panels éxposed to soa wator.

14. The adhersnce of rust to the swface increased as the degree of
polish decreased. The superficial rust on polished surfaces mey be re-
moved eagily by the application of suitable types of metal cleaners, but
can be removed only with difficulty, and frequently not completely, from
the duller surface finishes. The perlodic cleaning of steels exposed to
the weather was beneflclal, and the wax films left by certaln clsaners re-
torded the formation of rust. The duller swxface finilshes requlre clean-
Ing more frequently.

15. The heat-treatment of cold-rollod stainless steels at LLO® F
for 24 hours resulted in no merked change in extent of rusting on panels
exposed to oubdoor weathering.

16, Varnishing or painting of polished stuinless stéel afforded
only temporary protection, owing to the fact that palnts dild not adhore
very well, under marine exposure, to such surfaces.

17. Aluminum alloys end megnesium alloys, esnecially the latter,
were highly snodic to stainless stesls and were severely attacked whon
in contact with them. 4he ratio of The areas 1ls very ilmportant and af-
fects the rate of corrosion on the anodic member of the couple. Where:
the area of the gteel 1s small compared with the light alloy, the mini-
mum corroglon of the latter results from electrolysls, while the maxl-
mum corrogion resulte when the area relationships are reversed.

18
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18. Since the electrolytic couple is effective only when moisture
is present, the severity of the corrosilon wes very much woree for panels
oxposed to sea water than for thoas exposed to weathering.

19. Leass corrosion 18 t0 be expected when aluminum alloys 5.:8-
1/2H or 538-T are in contact with stainless steel, than with alloys 2LiS-
T or Alclad 24S-T, Accumulations of corrosion products on strips of the
latter alloys, exposed to the weather for '2 years, tended to force the
gtripes away from the steel panel and scmetimes resulted in stress cor-
rosion cracking on tho aluminum alloys and bresking off the head.s of ri-

vetes used to Join the metsls.

20, Insulation between steinless steel strips on aluminum alloy

ranels may be effective in preventing severe corrosion on the aluminum
alloy immersed in ses water for periods up to 2 years. Aluminum foill,
or cotton fabrics impregnated with soya-bean oll and varnish, or with a

bakellite-type seam compound, wers suitablse for use as insulators.. Suit-"

able peint schedules, applied at the faylng surfaces, are satisfactory
:E‘or many conditions of weatheor expcsure.

21, No satisfactory system of insulation has yet been devised for
the protection of megnesivum alloys which are exposed toO sea wa.ter 1n

contact with stainless eteels.

- 22, Magnesium alloys nominally coritalning 1.5 percent of manganese

(Dowmetal M) were mors severely attacked when in contact with stainless =~

steels than an alloy contalning 6 percent of e.luminum, 3.0 percent of
zinc, and 0.2 percent of mangasnese (Dowmetal H).

23. On unpainted magnesiwm alloy penels Jolned to stainless
steel, and exposed to the weaihsr, the accummlation of corrésion pro-
ducts at the faying surfuces may result in the shress-corroslion crack-
ing of the metal forming the strip. Sultable psint schedules, such as
a zinc chromete primer with good grades of marine sgper varnish, a.fford-
ed excellent protsction for periods in excess of a year. :

National Bureau of Standards,
Washington, D. C., August 1945.
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RACA TR Fo. 1095
TARLE 1, - PHYSICAL AND CHEMICAL CHARACTERISTICS OF TEE STAINLESS STEEL S8HEETS

el =Ear
type n.)
or N1 ¢ Ho 51 8 P Others
A28 306 0.017 | 2-B 1 19.95 | 9.82. | 0.09 | o.4g | 0.271 | 0.010 |o0,019 =
A-14° 306 l.018-.030] 2-B 1.-..] 19.17 | 8.96 .09 .39 .325 | .009 | .o20 -
a2 306 067 | 2.3 5 19.08} 9.05 | ..os2| .52° | .57° | .022%| .o22®| --
a3t 306 0% 2D 5 18,86 | 8.97 | ..30%| .56% ] .39° | .006%| .019°%| --
Ayl 306 ou5 |7 5 18.86| 8.67 | o5 | .55 .36° | .008°| .0m2°| --
a6 | .o16 | 8 |72]868 | .06 | | .36 | .008°| .08°| --
a-6° 304 018 | 23 3 18.54 | 8.17 .07 5% | Lu3u | .012 | 007 =
A-62% | 30u .ok |23 9 18.3 | 8.4 08 | .33 | -- o -- -
A7t 302 ou |1 5 18.24 | 9.03 06 ) s8] .a® | .010°] 022 | --
a1t | 302 061 | 2-B 4 8. | 8. - S = - - -
a8t 302 061 |6 5 1.2 | 82 | .os2| 377 | .20° | .020°| .020°| --
A-g% 302 020 | 2Bt 8 |17.8e| 825 | 18| 52 | .39 | .o | .07 | --
A-108 7| 302 025 | 2.8 1 17.8 | 7.7 Q2 .50 .26 55 o= -
A-118 302 031 | 2-B 1 17.8 | 7.5 .09 .66 .31 P - -
A-128 302 .020 | 2-B 1 17.8 | 7.3 .10 .59 A5 - - -
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an® | 302 o021 | 2.3 1 7.5 | 735 | x| e | .38 | -- == --
A-J.;‘1 302 060 | 2-B 3 17.48 | 8.28 .10 .50 - o o -
2368 | 302 017 | e-B 1 17.3 | 7.4 .10 28 | o | .- - -
B-1 ¢ 317 .018 | 2-B 1 17.91 |11.08 .08 1.h1 .364 .006 015 Mo 3.67
-2 317 .051 | 2.pb 2 18.80 | 13.70 | .07 1.68% | .20° | .om®| .008°| Mmo.3.60
13--3‘lk 317 .023 2-B 8 15.00 | 13.74 .05 | 1.52 .60 -- +008 Mo 3.40
B4t 317 ou3 | & 5 18.21 | 13.04 | .06 | 1.52° | .30° | .022°| .018°| Mo 2.94°
B-5 317 051 |1 5 17.99 | 13.28 | .056 | 1.52° | .30° | .012%| .018°| Mo 2.04°
B-6% 216 076 | 2B 5 17,72 | 048 | .06% | 1.07°] .27° | .008° | .018° | mo 2.89°
37" 316 063 | 2-8® e 17,79 | 10072 | .o | 1.27% | .30° | .02 | om® | Mo 2.70°
B-8¢ |. 316 k6 | 2-D 5 17.09 | 12.80 [ .0%6 | 1.50 .29 006 | 013 | Mo 2.70
BD-1 - 2-B 7 18.88 | 13.60 .06 1.5%0 49 .008 .019 M 1.87,Cb 0.57
D-2 - 4 7 18.83 | 13.60 | .06 | 1.50 | .k | .008 | .019 | o 1.87,Cb & 57
c-1° 321 .018 |[2-B 1 17.56 9.2 | .07 W41 463 | 008 | .05 T4 0,50
c-2* 321 Okl |2-D 5 17.31 | 11.00]| .ok | .%0 W45 .005 | .012 TL .37
C-3d' 321 .053 2.8 ° 5 18.42 10.07 oW lq39° .67° 0009° o()23° Ti .36e
c.ud 321 038 |1 5 18,78 | 20.20| 086 | 2e3%® | .65° | c005° | .022° | 1 .2p°
p- 347 031 |2-B 1 840 | 836] .08 | 0 | a1 | .020° [.020° | ev 0.79
p-2 347 o043 |ep 5 18.06 | 10.%0{ .o72 | 1.32° | .73° | .008° .02 | @ .T7°
p-3¢ 347 055 |23 5 18.64 | 11.00! .062 |1.42° | 4® | .010° |.013° | @ .76°
p-4t 347 o8 |1 5 17.85 | 10,70 | 070 | 2.23° | .58® | .009° |.015° | @& .64°
D-5° 347 .018 |e-B 1 17.8% 9.90 | .08 46 200 | .007 | .015 Cb .53
= 431 018 |1 1 17.70 1.62| .08 .72 518 | 021 |.022 ==
¥ = 063 |2-B 3 18.3 %1 | .07 }3.95 s . - -
g8
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i



1%

NACA TN Ro. 1095
TARLE 1 (Continued)

@These commerciel finish designations signify: -1, picklsd; 2-B, bright cold-
rolled; 2-D, dull cold-rolled; 4, stenderd polish (architectural), ground; 6, standard
polish, satin, tampico brush; 7, finish 2-B, plus grit grind to 320 emery, and a final
buff, high luster.

blEmPosed. to tidewater and weather at Hampton Roads, Va., in June 1938. Withdrew-
als made from weather racks after Tk, 24, and 36 months; from tidewater racks after

%, 12, 24, and 36 months of exposure.

bzi‘xposed. to tidewater and weather at Hampton Roads, in June 1938 and removed
after 36 months of exposure; scms panels, however, were transferred to the weather
racks from the tideweter racks, after 12 months of exposure and remained 24 months in
the weather racks.

b3Exposed to weather at Kure Beach, N. C., in November 1941, and withdrawn after
12 months.

b%osed to tidewater at Hampton Roads, Va., 1in September 1938, and withdrawn
after 33 months.

b5Exposed to tidewater and weather at Hampton Roads, Va., in Novémber 1940; with-
drawn from weather racks after 7, 18, and 36 months and from the tidewater racks after
18 end 36 months. Some of the panels in the weather racks occasionally were cleaned
to remove rust.

b6Exposed to tidewater at Hampton Roads, Va., in June 1938 and withdrewn after Tk,
12, 24, and 36 months of exposure.

bTExposed to tidewater and weather at Hampton Roads, Va., in June 1940 and with-

drewn from the tidewater racks after 12 and 24 months, and from the weather racks
after 12, 24, end 36 months of exposure. SR

bsmposed. simulteneously at Hempton Roads, Va., Kure Bsach, N. C., and Chapman
Field, Fla., in October-November 1940. Withdrawals made after 6 and 12 months at
Hampton Roads and Kure Beach, and after 6 months only at Chapmen Field.

b9Exposed. to tidewater at Hampton Roads, Va., in Juns 1938 and withdrawn after 2k
months of exposure.

CMaterial furnished by the American Steel and Wire Company.
dMaterial furnished by the Cernegie-Illinois Steel Corporation.

€Ladle analyses; all others represent the manufacturers! check analyses on the
billets. e Al >

fannesled; ultimate strength 100,000 psi.

€Material furnished by the Sharon Steel Corporation, via the Edward G. Budd Men-
ufacturing Compeny, which cooperated by preparing most of the shot-welded panels.

Bseome panels surface-treated by means other than simple passivation in nitric
acid. .

iscme penels, after rolling, heated at wo° F for 2 hours, then cooled in air.
JMaterial used in cooperative test with the International Nickel Compeny.
kIn the one-fourth herd condition; ultimate strength, 122,000 psi.
"Heat-aged to en ultimate strength of 180,000 psi.
DMaterial furpished by the Republic Steel Corporation,
2R3
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TABLE 2. - CHEMICAL ANALYSES AND CHARACTERISTICS OF THE SEA WATER

AT THE EXTOSURE LOCALITIES

Hampton Roads, Va.
Properties
and
consbibuents Boush Chapman Kure Beach,
Cree Mason CreekP Field, Fla. N.C. (Cape
(Biscayne Fear) .
Bay)

Practically color-
Appearance -- less with a small - -

amount of reddish

gediment
pH 8.0 7.6 - 7.7
Specific gravity -- 1.018 - --
at 23°/25° ¢
Total solids, -- 2k, 89 -- -
dried at 110° C
Calcium (Ca) = .30 o Lok
Magnesium (Mg) - .92 -- 1.292
Sodium (Na) == 7.61 8.03 10.59
Potassium (K) - 0.27 - 403
Sulphate (S0,) | 1.75 1.88 - 2.66M4
Chloride (C1)  |12.20 13.66 14,47 19.20
Bromide (Br) - .038 o .069
Sum of deter- - 2k, 68 - 3h4.62
nined constit-
uents

aTidewater exposure site from June 1938 to Nov. 1940. The analysis
was made after a period of heavy rainfall and probably represents the

ninimum salinity.

by dewater exposure site from Juns 194k, The lagoon site, used from
Nov. 1940 to June 194k, was a similer inlet, situated about 1 mile away,
The charaecteristics of its water therefore are be-
lieved to conform closely with those at Mason Creck, but the water proba-

on Willoughby Bay.

bly was slightly more saline.

2L
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TABLE 3. PHYSICAL PROPERTIES OF TWO STEELS EXPOSED TO THE WEATHER
AT KURE BEACH, W, C., FOR 1 YEAR

Steel : Tensglle Propertiles Fatigue

deslgna- | Exposure Ultimate | Ylield Elongation | 1limit

tion period strength | strength in 2 in. (psi)

(mo.) (psi) (psi) (percent)

A-15 0 166,300 | 128,000 22.0 69,000

(18:8 12 166,000 { 129,000 22.0 65,600

type) -

F 0 190,000 | 12k,900 27.5 75,000

(8:4:k {12 190,000 | 127,000 27.0 74,500

type)

lgote. - Located 250 yards from ocean beach, facing south at an angle

of 30, T -

25

[ — .a



TARLE 4. - STEEIS SURFACE TREATED AS INDICATED, EXPOSED FOR 3 YEARS AT HAMPTOR ROALS, VA., AND THEN

RATED NUMERICALLY BY FOUR OBSERVERS WITH RESPECT TO THE QUANTITY OF CORROSION ON THEIR SURFACES®

92

Surface .Trea.tmenteb and ra.tingea .
Steel| Exposure| Pi Pa Pi-Pa Pa-Pr-Pa Pj-Pa-Pr-Pa
Obgerver Obgerver Obsexver Cheerver Obgerver
No. Av. | No. Av, | No. Av, No. hv, No. Av,
12354 1234 123% 1234 123%L
B-2 |Tddewster | 2332 2.5i21h ) 2.75] — - hoo3z 2715124311 2
B-7 |Tidewater { b2 4 2 3 2h 31 2.5 oo 2324 27512113 1.75 .
I
B-2 |Weather® — = |WhHE3 - j1111-- 32334 --l2g22 —
B-2 |Weather™ — = lhyEE o l1111 2 3335 3 5922 2
B-7 |Weathexr® s - |3343 - {1111 -- 3833 -|hkoo22 _-
B-T |Weather" - - l2333 3 |1111 1 3hhh 35 |[hooo 2.5

8Ratings of 1 indicate the least corroded, etc.

bPi = plckled; Pa = passivated; Pr = pre-suwxrfaced
cSlqwa.rd. surfaces

dEa.rthvard surfaces

C60T "ON NI VOVN'
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Pigure 1.~ Type of panels used for determining the corrosion
of shot-welds, or of dissimilar metals.
All dimensions are in inches.



NACA TN No. 1085 Fig. 2

Figure 2.- The exposure racks used in the investigation. A,
Weather and tidewater racks in Boush Creek, Hampton

Roads, Va. B, Weather racks on Kure Beach, Cape Fear, N.C.

0 and D, Tidewater racks in Biscayne Bay, Ohapman Field, Fla.

E, Air view showing the relative location of the weather and

tidewater racks in an artificial lagoon at Hampton Roads, Va.

F, Tidewater racks of (E), viewed at.closer range. .
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TUBE

DETAIL OF

CROSS-SECTION
OF ONE END OF
SPECIMEN MOUNT

Figure 3.- Views of a model,

end a sketch,
showing details of the method
used for suspending panels in
the tidewater exposure racks
at Hampton Roads, Va.
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Figure 4.- Close-up view showing panels suspended in the
tidewater racks at Hampton Roads, Va. .

%

\V4

N2 HOLES
NO. 17 DRILL
h—

Figure 5.- The design and' dimensions of the specimens for
tests in the Krouse flexural fatigue machines.
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Figure 6.

es. Defle
gcale on

. 1095 | Pig. ©

- A specimen loaded with dead weights for determining its 7

deflection preparatory to calculating the maximum stress-
ction measurements were made by means of the pointer and
the arc at the right.
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Figure 7.- A specimen in the Krouse flexural fatigue testing machine,

showing the method of attaching it at the fixed and load-
ing ends. -
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SE A LR
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Figure 8.- Stainless steel panels, of various chemical com-

positions, exposed to the tidewater or weather at
Hampton Roads, Va. for 36 months. Note that 8teel B-1l, con-
taining 3.7 percent of molybdenum exhibited the least rust
especlially on the earthward surface, while Steel E, of the
18:1 type, showed the most rust. Steel A-1 was cleaned
periodically, the others were not. x 1/2.
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Figure 9.~ Results of flexural fatigue
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Figure 10,.,- Results of flexural fatigue
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Figure 13.-:Results of flexural fatigue : Figure l4.- Results of flexural fatigue
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located at the Lagoon,

Figure 15.- Results of flexural fatigue tests on Bteel K, glving the data
for each specimen teasted, and the approximate fatigue limits.

‘ON NI YOVX

geot

oT‘cT ‘8814




NACA TN No. 1095 ' Figs. 17,18

AVERAGE RATES OF CORROSION AT HAMPTON ROADS,VA-
(STAINLESS STEEL SAMPLES)

aee TIOEWATER EXPOSURE - BEGUN JUNE 8,1938

WEATHER EXPOSURE = BEGUN JUNE 10,1938
O] TIDEWATER EXPOSURE =~ BEGUN NOV. 26.1940 P
H WEATHER EXPOSURE - BEGUN NOV. 14,1940

—————

PEACENT OF MITIAL ENDURANCE LIMIT
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Figure 17.- Panels exposed in 1938 were located at the Boush
Creek site, while those exposed in 1940 were lo-
cated at the Lagoon, at the U.S. Naval Air Station, Hampton
Roads, Va. The data are the average for all the stainless
steel panels, irrespective of their chemical compositions.
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Figure 18.- The comparative rates of corrosion for each steel
exposed at the Boush Oreek site, Hampton Roads, Va.
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Figure 19.- Results of flexural fatigue

"teats on Bteel A-5 exposed
simultaneously at the three localities,
giving the data for each speclmen test-
'ed, and the approximate fatigue limits.
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Figure 20.-~ Results of flexural fatigue

tests on 8teel A-9 exposed
simultaneously at the three localities,
giving the data for each specimen test-
ed, and the approximate fatigue limits.
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Figure 21.- Results of flexural fatigue Figure 22.- The charts summarize the data

testas on Steel B-3 exposed for each of the stsels exposed
simultaneously at the three localities, simultaneously at the three localities

4
giving the data for each specimen tesi- (figs. 19, 20 and 21), and show the loas
ed, and the approximate fatigue limite. in fatigue limits as related to the period

FoY-t0 k-1

and type of exposurs.
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Figure 23.- Qorrosion on shot-welds exposed to a boiling solution of mixed chlorides

in laboratory tests. A, Pits in Steel ¢-1 (titanium-bearing) on a walded
crogs—section exposed for 15 days. x 10; B, 8teel D-b columbium~bearing), exposed 3
under the same conditions as ‘in "A¥. x 10; C, Pin-bole on Steel C-l shot-weld, which m
developed in 100 days. x 9; D, Corrosion at the edge of a shot-weld on Steel C-1 :
after 130 days. x 9. : v
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Figure 24.- Results of tensile tests on individual
shot-welds from representative panels
after exposure at Hampton Roads, Va.
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Figure 35.- The faying surfaces of representative shot-weld-
ed panels exposed to tidewater at Hampton Roads,
Va. for three years shown after tensile tests were made. The
breaking load for each weld is indicated on the photograph.
"Note the lack of rust on samples having a grease at the fay-
ing surfaces prior to shot-welding (Steels A-l and B-1l). x 3/4
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Figure 26.- The faying surfaces of panels, compar&ble to

those shown in figure 25, but exposed to the
weather for three years at Hamfton Roads, Va. Surfaces to
which no grease was applied prior to welding (Steel A-123)
exhibit considerable rust. x 3/4.
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Fig. 37

Figure 37.- Earthward surfaces of panels with different
' commercial surface finishes, after exposure

to the weather at Hampton Roads, Va. for six months.

Note the decresase in quantity and thickness of the cor-

rosion products, as the degree of surface finish 1s inm-
proved. x1.
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Figure 28.- Strigs of aluminum alloys, coupled in a 1:7 area ratio on panels of stainless 8

steel, and exposed to the tidewater at Hampton Roads, Va. for the periods in-
dicated. Note the severe corrosion on the sirips and the qua.ntlties of corrosion products
accumulated at the edges of juncture. x 1/2.
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Figure 29.- Strips of stainless steel, coupled in & 1l:7 area ratio with panels of aluminum

alloys, and exposed to the tidewater at Hampton Roads, Va. for the periods in-
dicated. Note that the aluminum alloys are less severely attacked, and the quantities of
corrosion products at the edges of juncture are less than in figure 28. x 1/3.
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Figure 30.- Earthward surfaceg of strips of stainless steel
coupled in a 1l:7 area ratio with panels of

aluminum alloys, and exposed to the weather at Hampton Roads,

Ve. for the periods indicated. Note that two rivet heads,

joining the steel to alloy 24ST (arrows), have broken off

because of the stresses imposed by the corrosion products

at the faying surfaces. x 1/3.
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Figure 3l.- Examples of stress corrosion on panels having

stainless steel coupled with light metal alloys.
A, Orack on stainless steel strip joined to & megnesium &lloy
panel, Dowmetal M. Exposed two years to the weather, earth-
ward surface. x 1. B, Oross-section showing the large amount
of ccrrosion products at the faying surfaces of (a). x 2-1/3.
0, Oracks in Alclad 24ST strip attached to a stainless steel
panel, exposed to tidewater for two years. x 50.
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Figure 32.- Panels of aluminum alloys joined to stainless

steel strips and exposed to tidewater at Hampton
Roads, Ve.. for two years with the various insulators between
the strips and the panels. The upper rows of rivet heads were
painted with an aluminum pigmented vernish. Note the absence
of corrosion products along the edges of the sitrips insulated
by aluminum foil. x 2/5. o '
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Figure 33.- Unpainted panels exposed at Hampton Roads, Va., for the periods indicated, hav-
ing stainless steel and magnesium alloys in contact with each other. Note the
electrolytic deposition of white corrosion products on the uncorroded steel, on panels ex-
vosed to the tidewater. The upper quadrants show Dowmetal strips on steel; the lower quad-

rants show the reverse arrangement. x 1/2.

2 DAYS

*ON NI VYOVN

S60T

ee "8t




T e Lo -
DOWMETAL M -F-|

' STAINLESS STEEL
L]

Lo 1 _
X TN

ETAL H

Lo
‘Eﬂ:l.nq[ R‘, v .. N

DOWMETAL: B

75 MONTHS |

! td..
Pl | AOWMETAL H

'||
1 36 MONTHS !

Figure 34.- Painted panels, comparable with those shown in figure 33,

after exposure at Hampton Roads, Va. Note that the paint
afforded little protection against tidewater exposure, and that it
began to fail to adbere to the stainless steel strips after 7-1/2
months of weather-exposure (arrows). x 1/3.
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AVERAGE RATES OF CORROSION AT THREE LOCALITIES
(STAINLESS STEEL SAMPLES)
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Figure 35.- The average percentage of loss of endurance
limit of stainless steel panels exposed to
the weather or tidewater at Hampton Roads and Chapman
Field, or to the sea water at Kure Beach is shown to be
very similar, the deviation being less than & 3 percent.
Panels exposed to the weather at Kure Beach were the
ones most severely corroded. ' 7T
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wood, cypress;

4

W

G, glaes; C, copper; M, monel metal; A separator painted with aluminum varnieh; V,

-point method of supporting panels in the tidewater racks served to prevent corroeion caused
The symbols:-

by contact with the supporting medium.

varnish; E, mounted to permit an elsctric circuit; 1, four-point contacts; 2, solid contact of 1 squere inch area. .

Pigure 36,- The four
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Figure 37.- Stainless steel panels exposed to the weather

and tidewater as indicated. Panels exposed to
gea water at Kure Beach exhibited more evidence of the
action of organisms, but were rusted only wherse held by
bakelite supports (arrows) or in streaks originating at
those areas. x 1/4.
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Figure 38.- Stainless steel panels, afier a year's weather-sxposure, were much more
rusted at the Kure Beach site than at Hampton Roads. The molybdenum con- 3

taining steel, however, was very much less rusted than the others. x 3/5. o
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